1. Introduction {#sec1}
===============

Asphaltenes are materials that are commonly found in crude oil, with a propensity to precipitate and deposit in the reservoir pore walls. Changes in pressure, temperature, and composition are the most critical factors that result in asphaltene precipitation.^[@ref1],[@ref2]^ Asphaltene molecules represent the most polar and heaviest constituents of crude oil. Six-membered aromatic rings, forming the sizeable graphite-like plate by fusing, construct the chemical structure of most asphaltene molecules.^[@ref3]^ Also, there are numerous alkyl chains in the structure of asphaltene, which indicate that carbon and hydrogen are the significant elements in the asphaltene chemical structure. Moreover, some asphaltene molecules have heteroatoms, such as nitrogen, oxygen, and sulfur, which are the most important elements in their structures. With the asphaltene deposition in the porous media of oil reservoirs, some drawbacks ascribed to the operational problems occur. Stopping the oil production based on the formation damage and increasing the pressure drop, as well as the deposited asphaltene attaching to the tube walls in the transportation stage, are the most critical problems of asphaltene precipitation.^[@ref4]^ Moreover, another important disadvantage is that the catalysts employed in the refining stages will be deactivated by the asphaltene deposition in the refinery vessels.^[@ref5]^

To investigate the practical approaches for preventing or postponing the asphaltene precipitation, many researchers endeavor to find practical, cost-effective, and environmentally benign solutions to overcome the asphaltene deposition problems.^[@ref6]−[@ref18]^ Hu et al.^[@ref19]^ investigated the effect of the ionic liquids based on \[Cnpy\]^+^ and \[C~4~iql\]^+^ cations and the alkylbenzene-derived amphiphiles Cnphol, Cnbsa, and CnbsNa on the asphaltene precipitation. Their proposed mechanism illustrated that due to having high-charge-density anions, ionic liquids could act as effective inhibitors via the destruction of asphaltene associations. León et al.^[@ref20]^ also studied the impact of nonylphenol, native resin, and nonylphenol resin on the inhibition of asphaltene precipitation. To this end, they assessed the adsorption behavior of these chemical materials. They concluded that the effect of nonylphenol resin and native resin is greater than that of nonylphenol due to the penetration of the resins in the micropores of asphaltene, which contributes to the partial breakdown of asphaltene macrostructures. In addition, Dehaghani and Badizad^[@ref21]^ investigated the inhibitory performance of some commercial chemicals for detecting the "onset" point of asphaltene precipitation via a viscometry method. They revealed that the linear dodecyl-benzene sulfonic acid (DBSA) is the best choice for the inhibition of asphaltene deposition due to its inhibitory potentiality, commercial availability, and, more importantly, environmentally benign impacts. They also realized that the amphiphilic attachment on the surface of asphaltene is an equilibrium reaction, which is consistent with the concentration of additive.

Recently, nanotechnology has drawn the researchers' attention as a novel method to tackle the asphaltene precipitation problems.^[@ref22]−[@ref29]^ Due to appealing characteristics such as small size, high specific surface area, appreciable dispersibility in liquid media, and high adsorption capacity, the utilization of nanoparticles can be considered as an effective method for inhibiting the asphaltene aggregation.^[@ref30],[@ref31]^ Nassar et al.^[@ref32]^ studied the impact of the acidic--basic characteristics of alumina nanoparticles on asphaltene adsorption. By investigating these characteristics, they realized that the acidic, basic, and neutral alumina nanoparticles exhibit a definite tendency for asphaltene adsorption. However, the acidic alumina exhibited the most adsorption, resulting from the stronger interactions with the asphaltene structures, and the neutral alumina had the least adsorption value. Moreover, Lu et al.^[@ref33]^ studied the impact of alumina nanoparticles on asphaltene precipitation throughout CO~2~ flooding. They stated that the interactions among nanoparticles containing asphaltene are weaker than those among nanoparticles without asphaltene. Consequently, the asphaltenes adsorbed on the nanoparticles remain in a stable condition, causing the inhibition of asphaltene precipitation. More recently, our research group has evaluated several metallic oxides (SiO~2~, Al~2~O~3~, MgO, Fe~2~O~3~, Fe~3~O~4~, and these materials with a modified surface), which have been investigated in adsorption tests, aggregation of asphaltenes, and coreflooding tests at reservoir conditions.^[@ref34]^ Surface modification of alumina and silicon dioxide with nickel oxide nanoparticles has shown the best results at a laboratory scale, formulating oil-based nanofluids with a concentration between 300 and 1000 ppm, which have been posteriorly evaluated in field tests.^[@ref35]^ It is worth mentioning that the nanofluids, which resulted in successful inhibition of the precipitation/deposition of asphaltenes based on the adsorption of the asphaltenes and the reduction of its aggregate size, showed an increase in the production and a reduction in the declination rate. In addition, the perdurability of the treatment in the field was up to 18 months.^[@ref35]^ However, the concentrations of nanoparticles and their high energy density in these applications favor their aggregation, which can generate formation damage mainly for some tight and shale reservoirs due to their low and ultralow permeability.

In this research, the asphaltene adsorption and the inhibitory effect of carboxylate-alumoxane nanoparticles on asphaltene precipitation have been investigated. For preparing carboxylate-alumoxane nanoparticles, boehmite and pseudo-boehmite were functionalized with the acidic method ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) and are called BMA and PBMA, respectively. Boehmite consists of aluminum oxide-hydroxide with different amounts of H~2~O molecules and various crystal sizes. In many cases, boehmite is the primary precursor for the synthesis of alumina phases. The physical and chemical characteristics of boehmite depend on the synthesis method. The crystal structure of boehmite is defined as the double chain of the AlO~6~ octahedron. Pseudo-boehmite also consists of smaller crystals of boehmite that contain the same or similar octahedral layers. Carboxylate-alumoxane nanoparticles are characterized as the functionalized alumina nanostructure and are considered in the group of inorganic--organic hybrid materials.^[@ref36]^ Carboxylate-alumoxane nanoparticles can be applied for the synthesis of metal oxides,^[@ref37]^ catalytic materials,^[@ref38]^ preparation of ceramic membranes,^[@ref36]^ biocompatible nanocomposites,^[@ref39]^ and improvement of the performance of lithium-ion batteries.^[@ref40]^ The general chemical formula of carboxylate-alumoxane is \[Al(O)*~x~*(OH)*~y~*(O~2~CR)*~z~*\]*~n~*, which shows that there are hydrophilic and hydrophobic parts in this nanostructure.^[@ref36],[@ref41],[@ref42]^ Al and O atoms induce the hydrophilicity behavior, and they can have interactions with heteroatoms of asphaltene molecules and provide hydrogen bondings with H--O, H--N, and H--S functional groups of asphaltene, respectively.^[@ref32]^ On the other hand, the alkyl chain (CR) part of this nanostructure, which contains the alkyl and resonance structures, provides the hydrophobicity behavior of carboxylate-alumoxane nanoparticles.^[@ref43]^ Regarding these chemical characteristics, carboxylate-alumoxane nanoparticles have been selected as a promising nanomaterial for the asphaltene adsorption and the postponement of asphaltene precipitation in this study.

![Molecular structure of carboxylate-alumoxane nanoparticles.](ao0c01732_0001){#fig1}

To evaluate the asphaltene adsorption of carboxylate-alumoxane nanoparticles, adsorption experiments were performed with the spectroscopy technique. For detecting the onset of asphaltene precipitation and simultaneously measuring the amount of precipitated asphaltene, the indirect method,^[@ref44]^ which is a combination of spectroscopy and gravimetric techniques, was utilized. In comparison with other methods applied for determining the onset of asphaltene precipitation, this technique is sensitive, and it can be used for the experiments utilizing various ranges of asphaltene concentration. According to the indirect method, the onset point of asphaltene precipitation was determined by the difference in the optical properties of various samples with and without applying carboxylate-alumoxane nanoparticles.^[@ref44]−[@ref46]^

2. Result and Discussion {#sec2}
========================

2.1. Characterization of Functionalized Nanoparticles {#sec2.1}
-----------------------------------------------------

The sol--gel method was employed for the synthesis of carboxylate-alumoxane nanoparticles. The pH is considered as the most crucial factor affecting the size of functionalized nanoparticles in this technique. To produce PBMA and BMA nanoparticles, the pH was set at 3. Due to the fact that the pH augmentation results in the attachment of fewer carboxylate groups on the surface of nanoparticles, carboxylate-alumoxane nanoparticles will be agglomerated by increasing the pH value, causing a growth in the nanoparticle size.^[@ref47]^ For specifying the morphology of functionalized nanoparticles, FE-SEM images were prepared. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the FE-SEM image of boehmite. The BMA morphology, which is attached nanosheets, is shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c also shows the FE-SEM of pseudo-boehmite. In addition, the agglomerated nanoparticles are ascribed to the PBMA nanoparticles ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). The difference between the two morphologies can be relevant to various structural characteristics associated with the raw precursors of two functionalized nanoparticles.

![FE-SEM images of (a) boehmite, (b) BMA, (c) pseudo-boehmite, and (d) PBMA.](ao0c01732_0010){#fig2}

DLS analysis was carried out by the Malvern ZS Nano analyzer (Malvern Instrument Inc., London, U.K.) to identify the size distribution of functionalized nanoparticles. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} shows that the size distributions for PBMA and BMA are 12--35 and 32--155 nm, respectively. Additionally, as can be seen, the size distribution peaks for PBMA and BMA are around 21 and 74 nm, respectively.

![DLS analysis of BMA and PBMA nanoparticles.](ao0c01732_0011){#fig3}

For confirming the existence of functional groups on the surface of carboxylate-alumoxane nanoparticles, the FT-IR test was carried out. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a exhibits the FT-IR curves of boehmite and pseudo-boehmite. [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b also shows the FT-IR curves of synthesized carboxylate-alumoxane nanoparticles. After evaluating the FT-IR analysis of PBMA, it is concluded that at wavenumbers of 1473 and 1593 cm^--1^, there are stretching vibrations that correspond to the C--O and C=O bonds. Moreover, the C--O--C (1260 and 1150 cm^--1^), Al--OH (1071 and 989 cm^--1^), and Al--O (430--740 cm^--1^) bonds, which exist in the carboxylate functional groups and the carboxylate-alumoxane core, respectively, are observed in the FT-IR diagram. The C--H bonding is also confirmed in the wavenumber of 3090 cm^--1^. The O--H peak is also exhibited in the range of 3310--3720. In [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, similar results related to C--O (1470 cm^--1^), C=O (1590 cm^--1^), C--O--C (1262 cm^--1^), Al--OH (1060--970 cm^--1^), Al--O (430--690 cm^--1^), C--H (2932 cm^--1^), and O--H (3453--3697 cm^--1^) bonds can be seen in the FT-IR diagram of BMA nanoparticles. These results are consistent with the literature.^[@ref48]^

![FT-IR analyses for (a) boehmite and pseudo-boehmite and (b) BMA and PBMA.](ao0c01732_0012){#fig4}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a exhibits the XRD patterns of boehmite and pseudo-boehmite. [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b also manifests the XRD patterns of BMA and PBMA. By comparing the patterns of PBMA and BMA, it can be seen that these patterns are similar in respect to their peaks. Due to the fact that the compositions of boehmite and pseudo-boehmite are comparable, it is expected that the formed phases of these two functionalized nanoparticles will be the same. By comparing the XRD patterns of PBMA and BMA with the patterns obtained from different phases of alumina,^[@ref49]^ it is observed that the α-Al~2~O~3~, β-Al~2~O~3~, and γ-Al~2~O~3~ phases are formed. The peaks related to γ-AlOOH, α-Al(OH)~3~, and elemental Al are also observed.

![XRD analyses for (a) boehmite and pseudo-boehmite and (b) BMA and PBMA.](ao0c01732_0013){#fig5}

The surface areas resulting from BET analysis are 127 and 240 m^2^/g for BMA and PBMA, respectively.^[@ref50]^ The total pore volumes are also 0.15 and 0.25 cm^3^/g for BMA and PBMA, respectively. For these nanoparticles, the nitrogen adsorption--desorption isotherms were also prepared. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a shows the nitrogen adsorption--desorption isotherm of BMA. The hysteresis ring illustrates the type four isotherm in the curve. This type of isotherm indicates that BMA contains mesopores.^[@ref51]^ Moreover, [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b shows the pore size distribution for BMA and reveals that the most commonly observed size of the pores is 1.64 nm.

![(a) Nitrogen adsorption--desorption isotherm and (b) pore size distribution for BMA.](ao0c01732_0014){#fig6}

[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a also shows the nitrogen adsorption--desorption isotherm of PBMA. This isotherm is a mixture of type one and type four isotherms. The hysteresis ring shows the type four isotherm in the curve. This type of isotherm presents that PBMA has both micropores and mesopores.^[@ref52]^[Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b shows the pore size distribution for PBMA and reveals that the most occurring size of the pores is 2.41 nm. As can be seen, the surface area of PBMA nanoparticles is higher than this characteristic for BMA, which may be contributed to the existence of more functional groups on the surface of PBMA nanoparticles. Thus, the interactions between PBMA and asphaltene molecules may be higher than BMA nanoparticles in the same conditions.

![(a) Nitrogen adsorption--desorption isotherm and (b) pore size distribution for PBMA.](ao0c01732_0015){#fig7}

2.2. Adsorption Capacity Experiments Results {#sec2.2}
--------------------------------------------

To perform the adsorption capacity experiments, 500 ppm synthetic oil samples were prepared, one of which was the reference (without nanoparticles) and the remaining samples were the synthetic oils that consist of specific amounts of PBMA and BMA. [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"} shows the relationship between the carboxylate-alumoxane nanoparticle amount and adsorption capacity as well as adsorption efficiency. The results illustrate that with respect to the increment in nanoparticle concentration, asphaltene adsorption efficiency is increasing. However, as can be seen in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, the adsorption capacity of these nanoparticles is reduced when the amount of nanoparticles increases. Based on [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, for 0.1 wt % PBMA nanoparticles, the adsorption capacity is 78.4 mg/g. By increasing the amount of PBMA nanoparticles to 0.4 wt %, the adsorption capacity amount reaches 31.4 mg/g, indicating adsorption capacity reduction of about 60%. However, by studying the asphaltene adsorption efficiency related to PBMA nanoparticles, the adsorption efficiency augments from 15.6 to 25.2% with the increment of PBMA nanoparticles from 0.1 to 0.4 wt %, respectively. In addition, the adsorption capacity behavior of BMA nanoparticles is displayed in [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}. For this functionalized nanoparticle, with increasing nanoparticle concentration, the adsorption capacity also decreases along with the increment in asphaltene adsorption efficiency. From 0.1 to 0.4 wt % concentration of BMA nanoparticles existing in synthetic oil, the adsorption capacity is measured to be 64.2 to 22.4 mg/g, respectively, which manifests a reduction around 40 to 65% with increasing concentration of the BMA nanoparticles.

![Adsorption capacity and adsorption efficiency of two nanoparticles toward asphaltene adsorption (500 ppm synthetic oil) in various concentrations of nanoparticles.](ao0c01732_0016){#fig8}

According to the evidence mentioned in the paragraph above, it is concluded that with the increment in carboxylate-alumoxane nanoparticle concentration, the adsorption sites for the interaction of asphaltenes and nanoparticles are augmented, resulting in the enhancement of asphaltene adsorption efficiency. These results are consistent with the literature.^[@ref53]−[@ref56]^ The reason for the reduction in adsorption capacity of two nanoparticles in terms of the nanoparticle dosage is that at 0.1 wt % of nanoparticles, asphaltene molecules have a tendency to distribute over the whole surface of the nanoparticles, and consequently, they attempt to occupy more sites of the adsorbent surface. By increasing the mass of nanoparticles, asphaltene is attracted to a higher surface amount of adsorbent, which results in the less asphaltene adsorption on the unit mass of nanoparticles.^[@ref57]^ Furthermore, particulate interactions can be assumed as another reason for this phenomenon. In other words, the higher concentration of nanoparticles will intensify their aggregation potentiality, which not only causes a reduction in the overall adsorbent surface area but also increases the diffusional path length. Consequently, most of the adsorption sites associated with functionalized nanoparticles overlap, and this factor results in the mass transfer diminution due to the interfacial tension augmentation between adsorbent and liquid phases.^[@ref58]^ Therefore, due to the high concentration of nanoparticles, the weak interactions between nanoparticles and asphaltene molecules may be removed, assisting the desorption of asphaltene molecules from the surface of carboxylate-alumoxane nanoparticles.

By investigation of the results from [Figure [8](#fig8){ref-type="fig"}](#fig8){ref-type="fig"}, it is established that the adsorption capacity, as well as the adsorption efficiency, is higher for PBMA compared with BMA nanoparticles in the same concentrations. These results can be attributed to two important reasons. The first reason is related to the difference ascribed to the size of two nanoparticles. As mentioned in [Sections [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"} and [2.2](#sec2.2){ref-type="other"}, PBMA nanoparticles possess a smaller size in comparison with BMA nanoparticles. This vital characteristic assists them in having better dispersion in liquid phases, inducing more interactions with asphaltenes in synthetic oil.^[@ref59]−[@ref63]^ Another reason for this phenomenon can be ascribed to the surface area of nanoparticles. Due to the fact that the surface area of PBMA is higher than BMA, it can provide an opportunity for PBMA to expose more of their body surface to asphaltene molecules, causing greater adsorption capacity.^[@ref64]^

Based on this investigation, the concentration of 0.1 wt % was selected for performing the asphaltene precipitation experiments. That is because the overall cost related to the adsorbent preparation compared with the adsorption capacity can be diminished. Additionally, by employing this concentration, the risk of nanoparticle aggregation, which contributes to the obstruction of the reservoir pore space and oil production prevention, can be reduced.^[@ref65]^

Moreover, [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} exhibits the adsorption capacity of two carboxylate-alumoxane nanoparticles for various synthetic oils with asphaltene concentrations of 500, 1000, 3000, and 5000 ppm. [Figure [9](#fig9){ref-type="fig"}](#fig9){ref-type="fig"} clarifies that for a specific mass of PBMA nanoparticles (0.1 wt %), the asphaltene adsorption capacity is intensified by the asphaltene concentration augmentation. However, by increasing the asphaltene concentration, the slope of curve related to the adsorption capacity value in different initial concentrations of asphaltene declines. Additionally, BMA nanoparticles have a behavior similar to PBMA nanoparticles in 500 to 3000 ppm asphaltene concentrations. Conversely, the adsorption capacity of BMA decreases in 3000 to 5000 ppm asphaltene concentrations.

![Adsorption capacity of two nanoparticles (0.1 wt %) toward asphaltene adsorption in various initial concentrations of asphaltenes (500, 1000, 3000, and 5000 ppm).](ao0c01732_0017){#fig9}

By evaluating the results mentioned in the paragraph above, it is concluded that by increasing the asphaltene concentration in synthetic oils with a constant concentration of carboxylate-alumoxane nanoparticles, the adsorption sites of nanoparticles exposed to asphaltene molecules are reduced, resulting in the reduction of adsorption capacity slope. Furthermore, with the increment in asphaltene concentrations in various samples, the size of aggregated asphaltenes is augmented due to a more promising asphaltene self-association, which contributes to the diffusion restriction for asphaltene molecules that tend to be adsorbed on the surface of carboxylate-alumoxane nanoparticles.^[@ref34],[@ref64],[@ref66]^

2.3. Adsorption Isotherm Models {#sec2.3}
-------------------------------

The investigation of adsorption isotherms is useful for describing the interaction between asphaltene molecules and carboxylate-alumoxane nanoparticles. Choosing appropriate isotherm equations can assist the system in being optimized while designing the adsorption process. In this study, among several isotherm models, two well-known isotherm equations, including Langmuir and Freundlich isotherm models, were selected. The linear form of the Langmuir isotherm equation is exhibited in [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}.^[@ref67]^where *Q*~e~ is the equilibrium adsorption capacity of nanoparticles (mg/m^2^), *Q*~m~ is the maximum adsorption capacity (mg/m^2^) related to the maximum monolayer capacity, *C*~e~ is the equilibrium concentration of asphaltene (mg/L), and *K*~L~ is the Langmuir constant parameter associated with the affinity of binding sites.

The linear form of the Freundlich isotherm equation is also shown in [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}.^[@ref68]^ In this equation, *K*~f~ is the Freundlich constant parameter, and is the slope of the curve resulting from plotting Log*Q*~e~ versus Log*C*~e~.

[Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a,b shows the Langmuir and Freundlich isotherm plots, respectively, for adsorption of asphaltene onto the BMA and PBAM nanoparticles. The Langmuir and Freundlich parameters can be seen in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. The Langmuir model suggests that adsorption phenomena occur with a monolayer arrangement on the surface of nanoparticles, and thus, the adsorbed molecules do not interact with each other. On the other hand, the Freundlich isotherm model assumes that molecules are adsorbed as a monolayer or multilayer on the heterogeneous surface of nanoparticles, the adsorbed molecules interact with each other, and the adsorption sites have various adsorption energies.^[@ref69],[@ref70]^ Based on the results of [Figure [10](#fig10){ref-type="fig"}](#fig10){ref-type="fig"}a,b and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}, it is concluded that the data, which results from the adsorption of asphaltene on the surface of nanoparticles, is better fitted to the Freundlich isotherm model than the Langmuir model. As can be seen, the coefficients of determination (*R*^2^) resulting from the Freundlich isotherm plots are 0.936 and 0.865 for PBAM and BMA, respectively. However, these values, which result from the Langmuir model, are 0.817 and 0.714 for PBAM and BMA, respectively. Based on the Langmuir model, the *Q*~m~ values are 5.21 and 4.92 mg/m^2^ for PBAM and BMA, respectively, and these values indicate that the maximum adsorption capacity (mg/m^2^) related to the maximum monolayer capacity for PBAM is higher than this value for BMA. Moreover, according to the Freundlich isotherm model, the adsorption of asphaltene on BMA and PBAM is favorable because of \< 1.^[@ref71]^

![Linear isotherm plots for (a) Langmuir adsorption isotherm and (b) Freundlich adsorption isotherm of asphaltenes onto two different carboxylate-alumoxane nanoparticles.](ao0c01732_0002){#fig10}

###### Langmuir and Freundlich Isotherm Constant for Asphaltene Adsorption on the Surface of Nanoparticles

         Langmuir isotherm   Freundlich isotherm                          
  ------ ------------------- --------------------- ------- ------ ------- -------
  PBMA   5.21                0.091                 0.817   1.07   0.806   0.936
  BMA    4.92                0.050                 0.714   0.67   0.756   0.865

2.4. Impact of Functionalized Nanoparticles on the Onset of Asphaltene Precipitation {#sec2.4}
------------------------------------------------------------------------------------

For investigating the inhibitory performance of two types of carboxylate-alumoxane nanoparticles, first, determining the onset point of asphaltene precipitation for a synthetic oil with 1000 ppm asphaltene was performed without the existence of carboxylate-alumoxane nanoparticles via the indirect technique. According to [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}a, there is a linear trend for the absorbance values measured for supernatants in terms of *n*-heptane vol % from 0 to 50%. At the point of 60 vol % *n*-heptane, the curve deviates from the linear trend, indicating that the Beer--Lambert law is not valid anymore. These results imply that the onset point of asphaltene precipitation for the reference synthetic oil including 1000 ppm asphaltene occurs in 50 vol % *n*-heptane. [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b shows the data resulting from measured absorbance after correcting the dilution impact. In the rest of this paper, all of the results are presented by considering the measured absorbance modification. Considering [Figure [11](#fig11){ref-type="fig"}](#fig11){ref-type="fig"}b, the changes in absorbance value from 1.53 to 1.42 for 0 to 50 vol % *n*-heptane, respectively, can be justified. Based on these results, there is no considerable absorbance reduction in this range. From 50 to 60 vol % *n*-heptane, the absorbance value decreases to 1.14, which confirms the abrupt deviation. To confirm 50 vol % *n*-heptane as the onset point of asphaltene precipitation and continuous deviation after the onset point, four midpoints between 50--60 and 60--70 vol % were selected. By evaluating these midpoints exhibited in [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, 50 vol % *n*-heptane is validated for the onset point of precipitation for synthetic oil with 1000 ppm asphaltene. [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} manifests the onset point of asphaltene precipitation in the presence of PBMA and BMA nanoparticles compared with the reference synthetic oil. By considering this figure, it can be confirmed that the onset of asphaltene precipitation occurs in 60 vol % *n*-heptane in the presence of BMA nanoparticles. On the other hand, the performance of PBMA is different from the BMA impact. By investigating the outcomes indicated by [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"}, it is justified that the onset point of precipitation when PBMA is present in the synthetic oil should be considered in the 68 vol % precipitant. For clarification of the effects of the nanoparticles on asphaltene precipitation in comparison with the reference synthetic oil, the differences among their onset points were calculated. The postponements in the onset point of precipitation by the utilization of BMA and PBMA are 17 and 26%, respectively, compared with the onset point of the reference synthetic oil. As can be seen, the existence of PBMA and BMA plays a positive role in postponing the precipitation of asphaltene in synthetic oil. Additionally, [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} also manifests a reduction in the absorbance value in the presence of nanoparticles. Not only is this reduction viewed at before the instability point, but it is also revealed after the onset point of precipitation. The absorbance values in the onset point for BMA and PBMA are 1.2 and 0.91, respectively.

![Onset point determination for the reference synthetic oil (1000 ppm asphaltene) (a) before dilution impact correction and (b) after dilution impact correction.](ao0c01732_0003){#fig11}

![Onset point determination for the synthetic oil (1000 ppm asphaltene) in the absence and presence of carboxylate-alumoxane nanoparticles (0.1 wt %) after dilution impact correction.](ao0c01732_0004){#fig12}

The reduction in the absorbance value corresponds to the elimination of asphaltene from synthetic oil. The most crucial factor for asphaltene removal in the presence of carboxylate-alumoxane nanoparticles is the adsorption of asphaltene on the surface of these functionalized nanoparticles.^[@ref33],[@ref72]^ After the centrifugation process, the carboxylate-alumoxane nanoparticles containing asphaltene are removed from the system. Therefore, this asphaltene removal changes the optical properties of synthetic oils. This asphaltene elimination from synthetic oil contributes to the decrement in asphaltene concentration in various types of synthetic oils. Because of the higher concentration of asphaltene, asphaltene precipitation occurs sooner than in conditions in which the asphaltene amount is small. Thus, the delay in the onset point of asphaltene precipitation takes place, while lower asphaltene concentration exists in the synthetic oil. On account of the fact that the adsorption of asphaltene on the surface of nanoparticles assists in the stability of asphaltene in the oil reservoirs,^[@ref10],[@ref73]^ the indirect method exhibits the potentiality of nanoparticles in the postponement of asphaltene precipitation indirectly by indicating the changes in the optical properties of various synthetic oils.^[@ref44]−[@ref46]^

There are some mechanisms related to the structure of carboxylate-alumoxane nanoparticles for the asphaltene adsorption. [Figure [13](#fig13){ref-type="fig"}](#fig13){ref-type="fig"} exhibits the proposed mechanisms for the asphaltene molecule adsorption. The first mechanism corresponds to hydrogen bonding created between carboxylate-alumoxane nanoparticles and asphaltene molecules. Since there are H--O, H--N, and H--S functional groups in the structure of asphaltene molecules, hydrogen atoms existing in these functional groups have a high tendency to generate interactions with the oxygen atoms in the carboxylate-alumoxane core.^[@ref32],[@ref72],[@ref74]^ As can be seen in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, there are a large number of oxygen atoms in the carboxylate-alumoxane network. Thus, this factor should open up an exceptional opportunity for asphaltene molecules to be adsorbed on the surface of carboxylate-alumoxane nanoparticles. Additionally, with respect to having oxygen atoms in their molecular structure, carboxylate functional groups attached on the surface of carboxylate-alumoxane nanoparticles provide a vital chance for asphaltene molecules to generate other hydrogen bonding interactions. According to these functional groups, the hydrogen atoms of H--O, H--N, and H--S functional groups related to the asphaltene structure can construct the hydrogen bonds with oxygens existing in ether and carbonyl functional groups attributed to carboxylate functional groups. Consequently, the adsorption of asphaltenes on the surface of nanoparticles will be intensified. The second mechanism can be ascribed to the interactions between heteroatoms, including N, O, and S atoms in the structure of asphaltenes, and Al atoms, which locate in the carboxylate-alumoxane core. These Al atoms can act as Lewis acids, and the heteroatoms existing in the asphaltene structure play a Lewis base role.^[@ref32],[@ref72],[@ref75],[@ref76]^ This phenomenon can cause the interactions between numerous Al atoms and the heteroatoms of asphaltene molecules, facilitating the adsorption process. Moreover, the resonance structures associated with the attachment points of carboxylate functional groups and the carboxylate-alumoxane core can also facilitate the adsorption process. Regarding the generation of π--π interactions, these resonance structures can create strong interactions with the aromatic rings belonging to asphaltene structures.^[@ref43],[@ref77]^ The π--π interactions can sometimes provide potent interactions between adsorbents and adsorbates, causing the increased adsorption phenomenon. Finally, the presence of CH~3~-- and −CH~2~-- in the functional groups of carboxylate-alumoxane nanoparticles may cause hydrophobic interactions (alkyl--alkyl and alkyl−π) with the alkyl chains and aromatic rings of asphaltene, which may result in dispersion forces.^[@ref78]^

![Schematic of the proposed mechanisms for asphaltene molecules adsorption on the surface of carboxylate-alumoxane nanoparticles.](ao0c01732_0005){#fig13}

According to the results from the experiments of determining the onset point of asphaltene precipitation, PBMA nanoparticles exhibit more effective performance in comparison with BMA nanoparticles. As mentioned in [Sections [2.1](#sec2.1){ref-type="other"}](#sec2.1){ref-type="other"} and [2.2](#sec2.2){ref-type="other"}, PBMA nanoparticles possess a higher surface area compared with BMA nanoparticles. This vital characteristic will contribute more adsorption sites for PBMA nanoparticles to adsorb more asphaltene molecules. In addition, with respect to this higher surface area, PBMA nanoparticles possess more attached functional groups in comparison with BMA nanoparticles. Consequently, the more functional groups existed on the surface of nanoparticles, the more the interactions that occur between PBMA and asphaltene molecules, leading to higher adsorption capacity for PBMA nanoparticles. On the other hand, the size of the PBMA nanoparticles is smaller than BMA nanoparticles. Due to this property, PBMA can be further dispersed in synthetic oil, and these nanoparticles can have more diffusion among asphaltene molecules, which contributes to better interactions with asphaltenes in comparison with BMA. Thus, PBMA provides better performance in postponing the asphaltene precipitation.

2.5. The Effect of Carboxylate-Alumoxane Nanoparticles on a Higher Asphaltene Concentration {#sec2.5}
-------------------------------------------------------------------------------------------

For the assessment of the effect of BMA and PBMA nanoparticles on higher concentrations of asphaltenes, the previous experiments were carried out for two synthetic oils containing 3000 and 5000 ppm asphaltene. [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}a discloses the results obtained from determining the onset point of asphaltene precipitation for 3000 ppm synthetic oil by using the indirect technique. Based on this figure, the deviation from the linear trend attributed to the asphaltene precipitation onset point occurs in the 40 vol % precipitant for the reference synthetic oil. As can be seen, the onset point occurs in lower *n*-heptane vol % in comparison with [Figure [12](#fig12){ref-type="fig"}](#fig12){ref-type="fig"} related to the 1000 ppm synthetic oil. The absorbance values for the reference synthetic oil (3000 ppm) in 0 and 40 vol % precipitants are 4.7 and 4.6, respectively, which demonstrates that with increasing asphaltene concentration, the absorbance values are also increased based on linear dependency. The curves related to the presence of two different carboxylate-alumoxane nanoparticles are plotted in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}a. These curves also demonstrate that the onset points for the samples consisting of PBMA and BMA are 50 and 44 vol % *n*-heptane with the absorbance values of 3.5 and 3.8, respectively. By assessing the difference in the absorbance values between the reference and nanoparticles for 1000 and 3000 ppm synthetic oil, it is observed that the gaps existing in synthetic oil with 3000 ppm asphaltene are lower than this variation in the synthetic oil, which includes 1000 ppm asphaltene. The differences in the presence and absence of nanoparticles are about 20 and 9% for PBMA and BMA, respectively, in comparison with the reference synthetic oil with 3000 ppm asphaltene. Thus, it is concluded that in a higher concentration of asphaltenes, the performance of PBMA and BMA decreases when their concentration is identical for the amounts of nanoparticles applied in the lower concentration of asphaltene. For the synthetic oil with 5000 ppm asphaltene, the onset points exhibited in [Figure [14](#fig14){ref-type="fig"}](#fig14){ref-type="fig"}b are 40, 40, and 48 vol % of precipitants with the absorbance values of 7.5, 7.3, and 6.4 in the absence of carboxylate-alumoxane nanoparticles, in the presence of BMA and PBMA, respectively. By considering the data resulting from this experiment, it is approved that with the increment in asphaltene concentration, the impact of BMA nanoparticles in postponing the onset point of asphaltene precipitation can be neglected for 5000 ppm asphaltene concentration. On the other hand, the PBMA nanoparticles also modify the onset point to about 17% compared with the onset point achieved from the reference synthetic oil. With the investigation of absorbance value, it is perceived that the difference between the absorbance values of the reference and synthetic oil with BMA nanoparticles is small, and thus, it does not provide the opportunity to postpone the onset point of asphaltene precipitation. However, the absorbance value of the sample with PBMA demonstrates that its difference from the absorbance value of the reference is significant for the asphaltene precipitation postponement. The most important reason for this phenomenon is that by increasing the asphaltene concentration, the self-association of asphaltene molecules is augmented, resulting in the reduction of carboxylate-alumoxane nanoparticle effect on the asphaltene adsorption.

![Onset point determination for two synthetic oils with (a) 3000 ppm asphaltene and (b) 5000 ppm asphaltene in the absence and presence of carboxylate-alumoxane nanoparticles (0.1 wt %) after dilution impact correction.](ao0c01732_0006){#fig14}

2.6. Precipitated Asphaltene Amount {#sec2.6}
-----------------------------------

[Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"} illustrates the precipitated asphaltene percentage of the synthetic oil containing 1000 ppm asphaltene in various vol % of *n*-heptane for the reference synthetic oil in the presence of PBMA and BMA nanoparticles. As observed, before the 50 vol % precipitant (the onset point for the reference synthetic oil), the precipitated asphaltene percentage is almost equal for the three samples. By considering [Figure [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"}, it is also observed that the difference in the asphaltene precipitated amount in the presence of BMA and without this functionalized nanoparticle is 17% in the 60 vol % precipitant, which is the onset point of the synthetic oil with BMA. On the other hand, in the presence of PBMA, this difference is calculated to be 36% in the 68 vol % precipitant, indicating that PBMA has better performance in the inhibition of asphaltene precipitation in comparison with BMA nanoparticles. [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}a,b also demonstrates the aggregated asphaltene amount for the synthetic oils with 3000 and 5000 ppm asphaltene, respectively. [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}a indicates that the differences in precipitated amount for BMA and PBMA in comparison with the reference synthetic oil were measured to be 8 and 13% in 44 and 50 vol % precipitants, respectively. The data observed from [Figure [16](#fig16){ref-type="fig"}](#fig16){ref-type="fig"}b also established the fact that the difference in the precipitated asphaltene amount for the sample containing BMA is insignificant compared with the 5000 ppm reference synthetic oil in 40 vol % *n*-heptane. Nonetheless, this value for the synthetic oil, which consists of PBMA, is 11% in the 48 vol % precipitant.

![Precipitated asphaltene amount for the synthetic oil (1000 ppm asphaltene) in the absence and presence of carboxylate-alumoxane nanoparticles (0.1 wt %) after dilution impact correction.](ao0c01732_0007){#fig15}

![Precipitated asphaltene amount for two synthetic oils with (a) 3000 ppm asphaltene and (b) 5000 ppm asphaltene in the absence and presence of carboxylate-alumoxane nanoparticles (0.1 wt %) after dilution impact correction.](ao0c01732_0008){#fig16}

As a consequence, the results obtained from the amount of precipitated asphaltene confirm the data resulting from the onset point of asphaltene precipitation. By comparing [Figures [15](#fig15){ref-type="fig"}](#fig15){ref-type="fig"} and [16](#fig16){ref-type="fig"}, it is evident that by the increment in asphaltene concentrations, sudden precipitation happens in a lower volume percentage of precipitant. Additionally, the differences between precipitated asphaltene amounts in the presence of nanoparticles and in the absence of nanoparticles diminish while the asphaltene concentration increases. As a result, the inhibitory performance of carboxylate-alumoxane nanoparticles decreases when the asphaltene concentration is augmented. The varieties related to the precipitated amount of asphaltene in the same vol % of *n*-heptane obviously reveal the better application of PBMA nanoparticles in the inhibitory performance. These results are attributed to the various adsorption capacities of these nanoparticles, which are consistent with their size distribution as well as their specific surface area. As stated in previous sections, regarding smaller size, as well as higher surface area, PBMA can provide more resistance against abrupt precipitation of asphaltene compared with BMA nanoparticles due to creation of more interactions with asphaltene molecules, which contributed to more asphaltene adsorption in the synthetic oil having the same concentrations. This adsorption ability results in more asphaltene stability in synthetic oil, which is exhibited by an indirect technique via the optical property variations of different samples.

3. Conclusions {#sec3}
==============

In this research, the effect of carboxylate-alumoxane nanoparticles (PBMA and BMA), which were considered as functionalized nanoparticles, was studied on the inhibition of asphaltene precipitation. The adsorption capacity experiments of these nanoparticles clarified that with increasing concentration of PBMA and BMA, their asphaltene adsorption efficiency increases because of the existence of more adsorption sites by the increment in nanoparticles dosage. However, the adsorption capacity of two nanoparticles decreases due to the augmentation of the particulate interactions among nanoparticles as well as mass transfer reduction. Adsorption capacity experiments reveal that PBMA exhibits higher adsorption capacity, as well as higher adsorption efficiency, compared with BMA because of having a smaller size and higher surface area. Furthermore, the adsorption experiments illustrated that with augmentation of the asphaltene initial concentration in various synthetic oils containing a constant mass of carboxylate-alumoxane nanoparticles, the adsorption capacity is intensified, although its slope has declined. Besides, carboxylate-alumoxane nanoparticles postpone the onset point of asphaltene precipitation via adsorption of asphaltene, which contributed to a lower precipitated asphaltene amount. In the presence of PBMA (0.1 wt %), the onset point was delayed around 26, 20, and 17% in the asphaltene concentrations of 1000, 3000, and 5000 ppm, respectively, in comparison with their reference synthetic oils. On the other hand, these postponements for BMA nanoparticles (0.1 wt %) were 17%, 9%, and insignificant for the asphaltene concentrations of 1000, 3000, and 5000 ppm, respectively. The mechanism of adsorption phenomenon can be attributed to molecular interactions, including hydrogen bonding, Lewis acid--base interactions, π--π interactions, and hydrophobic interactions. Furthermore, PBMA manifested a better inhibitory performance, which can be ascribed to its smaller size along with higher surface area, resulting in more adsorption sites for asphaltene molecules.

4. Experimental Procedure {#sec4}
=========================

4.1. Material {#sec4.1}
-------------

To prepare the carboxylate-alumoxane nanoparticles, boehmite and pseudo-boehmite (manufactured by Sasol Company) were used as precursors. For the functionalization process, methoxyacetic acid (98%, Sigma-Aldrich, Taufkirchen, Germany) was employed via the sol--gel method. The asphaltene used in this study was extracted from crude oil that originated from one of the Iranian south oil reservoirs. The characteristics of this crude oil are reported in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The *n*-heptane utilized for asphaltene precipitation and purification was of reagent grade and was purchased from Merck-Millipore (99%). For the purification of asphaltene, as well as preparation of the synthetic oil, toluene (Mojallali Company, 99%, Tehran, Iran) was used.

###### Crude Oil Properties Used in the Asphaltene Extraction Process

  °API    μ (cp) @ 24 °C, 15 psia   saturates   aromatics   resins   asphaltenes
  ------- ------------------------- ----------- ----------- -------- -------------
  20.47   66.8055                   43.4%       35.6%       12.9%    8.1%

4.2. Preparing Functionalized Nanoparticles {#sec4.2}
-------------------------------------------

Carboxylate-alumoxane nanoparticles were synthesized according to our previous study^[@ref50]^ and the procedure used by Callender et al.^[@ref79]^ For producing PBMA, 7.5 g of pseudo-boehmite was mixed with deionized water (112.5 mL) and methoxyacetic acid (20 mL). For fixing the functional groups on the surface of nanoparticles, the mixture was kept under reflux for 12 h. The slurry resulting from the reflux process was centrifuged for 15 min at 5000 rpm. A vacuum oven (0.01 Torr), which was fixed at 60 °C, was employed for eliminating the volatiles from the resulting solution. Some white powders were produced at the end of the drying process. After that, by applying diethyl ether, the resulting powders were washed, followed by dispersion in 75 mL of ethanol. To precipitate PBMA nanoparticles, 225 mL of diethyl ether was added to the mixture. Afterward, the powders were dispersed in deionized water to eliminate the residual acid in three stages under vacuum, and then the solvent was removed with the help of the evaporation process. The synthesis procedure employed for producing BMA was the same as the procedure used in the synthesis of PBMA, with the difference being that the precursor used for BMA synthesis was boehmite. For preparing BMA, 7.5 g of boehmite was slowly added to 112.5 mL of deionized water and 20 mL of methoxyacetic acid. Then, it was put under reflux for 12 h. After the reflux process, for the separation of unreacted boehmite, the resulting slurry was centrifuged for 15 h at 5000 rpm. A vacuum oven (0.01 Torr), which was fixed at 60 °C, was used for eliminating the volatiles from the resulting solution. Some white powders were produced at the end of the drying process. After that, by applying diethyl ether, resulting powders were washed, followed by dispersion in 75 mL of ethanol. To precipitate BMA nanoparticles, 225 mL of ether was added to the mixture. Afterward, the powders were dispersed in deionized water to eliminate the residual acid in three stages under vacuum, and then the solvent was removed with the evaporation process. For characterizing the synthesized functionalized nanoparticles, various properties of nanoparticles were evaluated. To confirm the presence of carboxylate functional groups on the surface of synthesized nanoparticles, Fourier-transform infrared spectroscopy (FT-IR) test was conducted. Additionally, for studying the functionalized nanoparticle morphology, field-emission scanning electron microscopy (FE-SEM) images were prepared. The specific surface area was recognized via Brunauer--Emmett--Teller (BET) test. For determining the nano-alumina phases, X-ray diffraction (XRD) analysis was done. In addition, dynamic light scattering (DLS) test revealed the size distribution of functionalized nanoparticles investigated in this study.

4.3. Synthetic Oil Preparation {#sec4.3}
------------------------------

In this research, to evaluate the effect of carboxylate-alumoxane nanoparticles on asphaltene precipitation, different synthetic oils possessing various asphaltene concentrations were prepared. For this reason, specific amounts of pure asphaltene obtained from the ASTM (D6560)--IP143 asphaltene extraction technique ([Section S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01732/suppl_file/ao0c01732_si_001.pdf) in Supporting Information) were added to specific volumes of toluene. After that, the mixture was agitated with a magnetic stirrer for 1 h in order for the asphaltene to be solved completely in the toluene. In this study, one synthetic oil containing 500 ppm asphaltene for adsorption capacity experiments and three synthetic oils with concentrations of 1000, 3000, and 5000 ppm for conducting the tests related to adsorption capacity and the onset point of asphaltene precipitation were prepared. For approving the complete dissolution of asphaltene in toluene, different synthetic oils were then observed via a Nikon SE 200 transmitted-light microscope after preparation.

4.4. Adsorption Capacity Experiments {#sec4.4}
------------------------------------

To perform the adsorption efficiency and adsorption capacity experiments of two different functionalized nanoparticles toward asphaltene adsorption, batch adsorption tests were carried out. For this purpose, specific amounts of two nanoparticles were dispersed in 500 ppm synthetic oils. To compare the effect of different concentrations of nanoparticles on the adsorption of asphaltene, synthetic oils consisting of 0.1, 0.2, 0.3, and 0.4 wt % of both PBMA and BMA were prepared. Different concentrations of two nanoparticles were dispersed in the synthetic oil by employing an ultrasonic disruptor (UP-400 A) from Ultrasonic Technology Development Co. (UTDC), which was set at the power of 150 W. Afterward, the samples were transferred into sample tubes and then the tubes were sealed properly to avoid the loss of toluene by evaporation and left for 2 h at an ambient pressure and temperature. Then, the asphaltene-containing nanoparticles were separated via centrifugation at 10000 rpm for 15 min. To find an acceptable centrifugation speed for the nanoparticle removal from different synthetic oils, several references were studied.^[@ref76],[@ref80],[@ref81]^ The asphaltene concentration in the supernatant liquids was analyzed with a Dynamica DB20-Spectrophotometer on the quartz cuvette, and toluene was used as the blank.^[@ref82]^ A linear calibration curve of UV--Vis absorbance at a wavelength of 300 nm versus the asphaltene concentration was obtained using standard asphaltene--toluene solutions with known concentrations. The wavelength scan for determining the λ~max~ of asphaltene used in this study and the standard curve, along with the obtaining method, can be seen in [Section S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01732/suppl_file/ao0c01732_si_001.pdf) in the Supporting Information. After that, the absorbance of the supernatant fluid was measured and converted to concentration using the calibration curve.

The adsorption capacity of asphaltene (mg/g) on the PBMA and BMA nanoparticles was calculated employing the mass balance in [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"}.where *Q* is the adsorption capacity (mg/g), *C*~0~ is the initial concentration of asphaltene (mg/L), *C*~e~ is the equilibrium concentration of asphaltene (mg/L), *V* is the volume of the synthetic oil (L), and *m* is the mass of the adsorbent (g).

For measuring the adsorption efficiency (%) of two different nanoparticles toward asphaltene adsorption, [eq [4](#eq4){ref-type="disp-formula"}](#eq4){ref-type="disp-formula"} was utilized.where *C*~0~ is the initial concentration of asphaltene (mg/L), and *C*~e~ is the equilibrium concentration of asphaltene (mg/L).

To investigate the asphaltene adsorption capacity of these nanoparticles in different initial concentrations of asphaltenes, the adsorption experiments were conducted for four synthetic oils containing 500, 1000, 3000, and 5000 ppm asphaltene in a specific concentration of carboxylate-alumoxane nanoparticles resulting from the adsorption capacity experiments in various concentrations of nanoparticles. Marczewski and Szymula^[@ref83]^ reported that 3000 ppm asphaltene concentration is the critical micelle concentration (CMC) of asphaltene molecules. Thus, 500 and 1000 ppm asphaltene concentrations are lower than the CMC of asphaltene. On the other hand, 5000 ppm asphaltene concentration is higher than the CMC of asphaltene. Therefore, by selecting these concentrations of asphaltene for adsorption experiments, the adsorption capacity of PBMA and BMA nanoparticles can be investigated in the CMC of asphaltene, lower than the CMC of asphaltene and higher than the CMC of asphaltene. For obtaining the adsorption capacity values, [eq [3](#eq3){ref-type="disp-formula"}](#eq3){ref-type="disp-formula"} was also exerted, and *m* was constant for these four samples.

4.5. Indirect Technique for Onset Point Detection {#sec4.5}
-------------------------------------------------

For evaluating the asphaltene precipitation onset point and the amount of precipitated asphaltene (%), the indirect technique devised by Tavakkoli et al.^[@ref44]^ was employed. The procedure of this method is illustrated in [Figure [17](#fig17){ref-type="fig"}](#fig17){ref-type="fig"}. For conducting this method, various volume ratios of synthetic oil and *n*-heptane ranging from 0 to 80% *n*-heptane were produced in sample tubes. To dissolve *n*-heptane in synthetic oil completely, the sample tubes were shaken by hand for a specific amount of time. Then, the sample tubes were allowed to settle for 2 h to obtain the aging time. For the elimination of unstable asphaltenes, the centrifugation of samples was performed by the Universal PIT 320 centrifuge, setting the centrifuge device at the speed of 10,000 rpm for 15 min. The speed applied for the centrifugation of samples is vital to assist in the increment of sediment packing that contributed to the avoidance of asphaltene resuspension in centrifuge tubes (Falcons). To determine the onset of asphaltene precipitation, a Dynamica DB20-Spectrophotometer set at the wavelength of 600 nm was used with a quartz cuvette as a spectrophotometer cell, and the blank was air in all experiments. The reason for the 600 nm wavelength selection is discussed in [Section S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01732/suppl_file/ao0c01732_si_001.pdf) in the Supporting Information. Before using the UV--Vis for determining the onset point, 1 CC of the supernatant of different samples was diluted with toluene, whenever required, based on the synthetic oil concentration to an absorbance value compatible with linearity range of calibration curve. Afterward, the effect of dilution attributed to the absorbance of toluene and *n*-heptane was subtracted from the obtained absorbance for different samples. Then, the curves obtained from the data of absorbance were corrected via the correction of dilution impact (the correction method is discussed in [Section S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01732/suppl_file/ao0c01732_si_001.pdf) in the Supporting Information). The data and curves resulting from this experiment were considered as the reference for the onset point of asphaltene precipitation in the absence of nanoparticles.

![Indirect method schematic used for determining the onset point of asphaltene precipitation.](ao0c01732_0009){#fig17}

In the presence of nanoparticles, a specific mass of different carboxylate-alumoxane nanoparticles, which was consistent with the results of adsorption capacity experiments, was dispersed in synthetic oils having the desired concentration. The dispersion of two nanoparticles in various synthetic oils was performed by an ultrasonic disruptor (UP-400 A) from Ultrasonic Technology Development Co. (UTDC), set at the power of 150 W.^[@ref84]^ For affecting the nanoparticles on the synthetic oils, all samples were left for 2 h, relevant to the adsorption capacity experiments. All subsequent steps were the same as those used for preparing the reference samples. Based on several references,^[@ref76],[@ref80],[@ref81]^ the centrifugation process set at a speed of 10,000 rpm for 15 min is effective for the nanoparticle removal from samples. To guarantee the repeatability of the experiments, all tests were conducted two times, followed by calculation of an average for each point. According to the indirect technique, the difference in optical properties of various samples will exhibit the onset point of asphaltene precipitation in the absence and presence of carboxylate-alumoxane nanoparticles.

4.6. Determining the Precipitated Asphaltene Amount {#sec4.6}
---------------------------------------------------

The amount of precipitated asphaltene was measured by the optical data resulting from UV--Vis tests applied for detecting the asphaltene precipitation onset point. The fact that the optical properties of various supernatants are different contributed to different absorbance values; the concentration of samples will be calculated by employing the calibration curve obtained from different standard solutions. For the calculation of asphaltene concentration, the standard curve plotted in 600 nm ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01732/suppl_file/ao0c01732_si_001.pdf) in the Supporting Information) was employed as it had a greater slope, given the maximum absorbance value along with the satisfactory coefficient of determination, *R*^2^. For calculating the precipitated asphaltene percentage, [eq [5](#eq5){ref-type="disp-formula"}](#eq5){ref-type="disp-formula"} was applied.where *C*~i~ is the initial concentration of asphaltene (mg/L), and C~f~ is the final concentration of asphaltene (mg/L) in supernatant liquid. It should also be mentioned that the concentrations resulting from the standard curve should be modified before calculating the precipitated asphaltene amount because of the dilution impact ([Section S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01732/suppl_file/ao0c01732_si_001.pdf) in the Supporting Information).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01732](https://pubs.acs.org/doi/10.1021/acsomega.0c01732?goto=supporting-info).Asphaltene extraction, identifying the λ~max~ of asphaltene molecules and calibration curve for adsorption experiments, identifying a suitable wavelength for performing the experiments related to determining the onset point of asphaltene precipitation, and dilution impact correction ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01732/suppl_file/ao0c01732_si_001.pdf))
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